Brazilian Journal of Physics, vol. 36, no. 3B, September, 2006 , at the start of the reaction. Following this mechanism, the change in the concentration of Cd(NH 3 ) 2+ 4 gives a variation in the rate of deposition with the corresponding modification in the quality of the film. Therefore, the predominance zone diagram of Cd 2+ species in solution as a function of the values of pH and pNH 3 was used to analyze the reasons why the CdS/ITO thin films are favored in just a narrow range of ammonium and hydroxide concentrations. To obtain useful films, the results showed that low ammonium concentrations must be avoided at high pH values as well as high ammonium concentrations at lower pH values.
I. INTRODUCTION
Cadmium sulfide (CdS) is an excellent material used with the semiconductor cadmium telluride to fabricate solar cells given its optimal band gap energy (2.42 eV) for optical windows [1] . Chemical bath deposition (CBD) is an experimented and widely used technique in the industry and in the research area for CdS thin films deposition by the fast, simple and low-cost method [2] . The composition of the chemical bath and the kinetics of deposition have been reported in the literature [3, 4] such that now very known functional recipes are normally used for CdS films preparation depending on the chemical compounds selected for the Cd and S ions production. In the traditional recipe, a cadmium salt is dissolved in a basic ammonium solution, stirred and heated during thiourea addition, which starts the film deposition on indium thin oxide (ITO) surfaces over glass. Several efforts have been made in this way changing the temperature, concentration of chemical components, pH, and rate and type of bath agitation. Although the kinetics of deposition has been reported, studies of the physical properties achieved on the CdS films as a function of the chemical bath concentration are scarce in the literature. An important requirement of the CdS films for solar cells applications is the smooth surface and the minor quantity of hillocks produced on the surface after preparation, added to the optimal thickness for better functionality. In this work, an analytical study of the predominant cadmium species depending on NH 3 and OH − concentrations give optimal conditions of the chemical composition to achieve different qualities on the deposited films.
II. THEORY
It is well known the influence of pH and NH 3 in the stability of different Cd 2+ species in solution. The cadmium (II) ions form a variety of complexes with ammonium and hydroxide, according with the following equation:
being β n,L the stability constant of the corresponding reaction. The complexes can be formed with the hydroxide ion (L = OH − , n = 1 to 4), the ammonium (L = NH 3 , n = 1 to 6), and even with thiourea (L = SC(NH 2 ) 2 , n = 1 to 4), although these last complexes are less stable and normally they are not considered to interfere in the mechanism of reaction and deposition of the film [3] . According with this mechanism, the complex Cd(NH 3 )
2+
4 is adsorbed in the surface as Cd(OH) 2 before reacting with thiourea to form the CdS film. If the kinetics of deposition is modified, it is possible to change the physical properties of the CdS films. A reasonably way to drive these variations is through pH and pNH 3 changes to test the relative cadmium species in solution, according with the stability constants. This can be easily visualized using predominance zone diagrams, which have been tested to be useful in analytical chemistry [5] . According with this method of generalized species and equilibrium, the stability constants reported at room temperature [3] were used to detect the chemical zone in which Cd(NH 3 ) 2+ 4 predominates as an approximation to the conditions at the temperature of deposition. More details to obtain this diagram are found elsewhere [6] . Thus, Fig. 1 for the analysis of the influence of pH and pNH 3 on the quality of deposited films. In this work, a variation of the pH and pNH 3 initial conditions is tested in order to understand the physical properties of the CdS films deposited by CBD. The numbered points in the Fig. 1 represent the six experimental conditions used to deposit CdS films into the optimal zone for a fixed quantity of cadmium and thiourea.
III. EXPERIMENTAL
CdS films were prepared under different chemical bath conditions around the determined optimal zone (i.e. different pH values and ammonium concentrations). Every chemical bath was obtained mixing four individual solutions: 20 ml of 0.02 M cadmium chloride, 20 ml of ammonium nitrate (3.3, 3.1, 2.2, 5.5, 5.5 and 1.8 M, respectively), 50 ml of potassium hydroxide (1.3, 1.2, 0.8, 2.1, 2.1 and 0.7 M, respectively) and 20 ml of 0.2 M thiourea. The initial chemical concentrations in the deposition bath after mixing the individual solutions are given in Table I . As seen, cadmium chloride and thiourea concentrations were not varied between experiments. The pH was determined with a digital pH-meter and the pNH 3 was approximately calculated. During deposition, magnetic agitation and bath temperature, T = 348 ± 2 K, were kept constant. The surface morphology of the dried films was imaged with the atomic force microscopy (AFM) technique (CP Autoprobe). The band gap energy was computed from spectral data obtained with a StellarNet EPP2000 spectrophotometer in the ultraviolet-visible range (from 200 to 850 nm of wavelength) using a special adaptation made in our laboratory for analysis of solid samples. The ITO spectrum is used as a reference to eliminate its effect in the band gap of the CdS film. The thickness of CdS films was measured by using a Dektak 8 profile-meter after forming a step in the film-corner with the HCl solution. Figure 2 shows the film thickness obtained and the corresponding band gap energy as a function of deposition time for the experiments 1, 2, 3 and 5.
IV. RESULTS
Experiment 4 had an extremely slow deposition and experiment 6 did not have any deposition. It is possible to observe (Fig. 2a) that the rate of deposition for the experiment 1 is the fastest at the beginning but becomes slower very soon. On the other hand, the experiment 2 shows a slow deposition during the first part, followed by a good rate deposition which gives the thickest film between all the tests. Experiments 3 and 5 showed slow rates of deposition during all the first 50 min of the CBD. Also Fig. 2b allows seeing the kinetic differences between both experiments using the computed band gap energy. Experiments 2 and 3 show larger values of the band gap energy for the first films (10-20 min) due to the small measured thickness related with the confinement effect. After that, band gap values are similar to the typical results near 2.4 eV. The differences among experiments 1 and 2 allow conclude that it is possible to change not only the rate of deposition but also the film quality through a change of pH in the bath. More precise differences could be seen when bigger changes were made in the chemical composition, as shown in Table II. Experiments 2, 3 and 4 give how important is the ammonium concentration at similar values of pH. Of these three experiments, the number 3 has the lowest ammonium concen- tration and follows a slower kinetics of deposition than experiment 2: the thickness after 50 min was smaller for the film in experiment 3 when compared with experiment 2, but the band gap energy reaches similar values. Experiment 4, on the other hand, has a bigger ammonium concentration and had the slowest kinetics of deposition. The final thickness is significantly lower and a similar value of band gap energy was reached only after 90 min of deposition.
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Experiments 5 and 6 give interesting results for more basic values of pH. When a high ammonium concentration was used in experiment 5, an inhibition of the deposition was found since the first minutes, just after a thin film was deposited with an unchanged morphology and similar band gap. However, for experiment 6, in which a low ammonium concentration was used, the deposition of the film was totally inhibited. It is important to say that in these two experiments the color of the solution changed to yellow immediately after the addition of thiourea, although the deposition was inhibited since the first minutes of reaction.
Some typical surface morphology images of CdS films after 20 min of deposition are shown in Fig. 3 as obtained by the AFM technique. These images were taken for the six experi- It is possible to observe that for slight variations in the pH and the pNH 3 values of the chemical bath, the kinetics of deposition and the corresponding quality of the CdS films can be driven in accordance with the necessities of the material applications. Around area α in Fig. 1 , in which high concentrations of ammonium are present, there is a zone with very slow deposition rates, indicating that Cd(NH 3 ) 2+ 5 have a negative influence in the mechanism of reaction. Near area β, although rates deposition also diminish, a major control is allowed to define slight variations in the film properties; in this zone, the conversion of Cd(NH 3 ) 2+ 3 to Cd(NH 3 ) 2+ 4 is not a problematic step for the total process. Finally, near the areas γ and δ, the formation of cadmium hydroxides gives a dramatic example in which the deposition of CdS films is totally inhibited. 
